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Effect of size and shape of metal particles to improve hardness and electrical properties of carbon nanotube reinforced copper and copper alloy composites Sheikh M. Uddin
Introduction
Carbon nanotubes (CNTs) have received considerable interest in research due to their unique atomic structure and fascinating properties. Till now, the theoretical and experimental results achieved indicate that CNTs are the most unique and versatile materials so far discovered in the world. CNTs have an extremely high Young's modulus of 0.5-2 TPa [1] [2] [3] [4] [5] [6] , large ultimate tensile strength of 20-150 GPa [1, 2, 4, [7] [8] [9] and usually high flexibility [3, 10] . Other than their exceptional mechanical properties, CNTs have an extremely high aspect ratio, excellent chemical stability as well as superior thermal and electrical properties. All these characteristics have made CNTs outstanding reinforcement materials for developing advanced nanocomposites for various applications.
Considerable researches have been conducted in carbon nanotube reinforced polymer matrix composites with a remarkable enhancement in mechanical properties compared to those of monolithic materials. However, limited research has been done in preparation, structural, physical and mechanical properties of metal-CNT nanocomposites. Poor wetting behaviour or weak interfacial bonding to matrix materials, agglomeration among themselves with Van-der-Waals force, inhomogeneous distribution of CNTs in the matrices and degraded thermal stability at high processing temperature are the prime drawbacks to use carbon nanotubes as reinforcements of metal matrix composites. For instance, Kuzumaki et al. reported very little improvement in tensile strength of CNT reinforced Al nanocomposites prepared by conventional powder mixing, hot pressing followed by hot extrusion due to inhomogeneous dispersion of CNTs in the metal matrix [11] . Moreover, carbon nanotubes as 4 reinforcements of metal matrix composites have so far been reported poor efficiency [12] [13] [14] due to agglomeration among themselves with Van-der-Waals force, poor wetting behaviour or weak interfacial bonding to matrix materials [15] [16] [17] and degraded thermal stability at high sintering temperature [12, [18] [19] [20] .
For any case, the homogeneous dispersion of nanotubes in metal matrices is the prime requirement before fabricating carbon nanotube based metal matrix nanocomposites. Early studies [21] of the authors showed that, high energy mechanical alloying involved continuous impact, welding, fracturing and rewelding of powders to disperse nanotubes in the metal powders. Different milling and sintering parameters were optimized for CNT-Al and CNT-Cu nanocomposites. In this contribution, we report on the successful preparation of CNT reinforced copper and bronze composites by mechanical mixing of nanotubes and metal powders followed by well-known hot-press sintering method of powder metallurgy. The effect of shape and size of metal particles to improve hardness of CNT-Cu composites and selection of nanotubes (single-walled or multi-walled) to improve electrical properties of CNT-Bronze composites have been investigated.
Experimental

Materials
Multi-walled nanotube (MWNT) with an average diameter of (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) nm, a length of (0,5-200) µm from Ahwahnee Technology Inc. and single-walled nanotube (SWNT) with a diameter of <2 nm, a length of (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) µm from Shenzhen Dynanonic Co., Ltd.
were used as nanotube starting materials. Both types of nanotube were fabricated by the 5 catalysis of hydrocarbon with chemical vapour deposition (CVD) process. Very pure copper powder (purity >99.95%) of 3 µm particle size with dendritic shape, 10 µm particle size with spherical shape from Sigma-Aldrich and 45 µm particle size with spherical shape from TLS Technik GmbH were chosen as staring copper metal powders. The metal powders as alloying elements (Sn, Zn, Ni) with 45 µm particle size, spherical shape were also used from TLS. The typical composition for fabricating bronze composites was Cu 79%, Sn 10%, Zn 3% and Ni 8%. Dendritic Copper Powders, more commonly referred to electrolytic copper powders (ECP) were produced by the electrolytic deposition method, whereas spherical metal powders are manufactured by atomization (gas/water) process. Table 1 and 2 shows the specification of nanotubes as well as metal particles. Table 1   Table 2 
Mixing powders
Different wt% of CNTs were mixed with metal powders inside a glove box having inert 
Composite fabrication
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The mixed powders were then sintered in a hot-press sintering machine (DSP 510) filled in inert (Ar) atmosphere. The DSP 510 sintering device using direct resistance heating in the mould produces very high heating speed and the whole composite fabrication process needs maximum 15 minutes. The sintering parameters (temperature, pressure, time, heating and cooling rate) were optimized for each type of composite by approaching their theoretical densities. The densities of the composites were measured using Archimedes' principle. Sintering temperature of 750 °C and pressure of 40 MPa were used for Cu-CNT composites, where as 800 °C and 40 MPa were used for bronze-CNT composites fabrication.
Characterization of the composites
Before characterization, composite samples were ground with consecutive finer Electrical conductivity of the composites was measured by a device called Sigmatest 2.069, which measures the electrical conductivity of non-ferromagnetic metals by measuring the eddy current based on the complex impedance of the sample. When unknown test pieces are measured, this instrument converts the complex impedance value to an electrical conductivity value.
Results and discussions
Evaluation of mixing
In the early contribution [21] , the authors showed that the planetary ball mill Fig. 1.a) . The dendritic shape of the metal particles with its higher specific surface area [22] in this regard is expected to enhance nanotube distribution within the dendritic arms of the metal powders. Dispersion of CNTs is also promoted by milling with different alloying elements to produce CNT-Bronze composites (Fig. 1.b) . CNTs are expected to diffuse in the different metal powders during mechanical alloying. 
Evaluation of composites
After evaluating nanotube-metal mixed powders, composites were fabricated by a hotpress sintering method with optimized sintering parameters. Table 3 shows sintering   8 parameters used for the composite fabrication and their corresponding relative densities.
The density of nanotubes was considered to be 2 g/cm³ [23] . Reducing the particle size of metals, the relative density of the composite is increased. 99.33% of the theoretical density was achieved with the composite made of 10 µm, spherical Cu particles. On the other hand, particles having dendritic shape should have less density (the more regular the shape, the denser the powder [24] ) compared to that of spherical structure.
Increasing CNT contents decreases the relative density of the composites due to increased porosities and voids inside the tubes and among the agglomeration of CNTs. Table 3 The early issue [21] 
Characterization of composites
Hardness
Hardness of CNT-based Cu matrix composites was measured in a Brinell scale (29 kN force and with a steel ball). It was plotted against increasing proportions of CNTs. According to D.L. Erich [27] , discontinuous MMCs formed by the mixtures of individual metal phases exhibits strengths as much as 50% higher than those predicted in theory from the strength of the individual constituents. In our case, the hardness of pure Cu fabricated by hot-press sintering was also found almost double (58 HB) compared to that of reference value (35 HB). However, the hardness decreases with increasing amount of CNTs in the composite for both CNT-Cu and CNT-Bronze composites. Hardness of pure Cu and Cu-0.5wt% MWNT composites with different particle size and shape (45 µm, spherical; 10 µm, spherical and 3 µm, dendritic) is plotted in Fig. 4 .
Hardness values of pure Cu composites fabricated with 45 µm, 10 µm and 3 µm remain 10 in the similar range of 56-60 HB. However, hardness of Cu-CNT (0.5wt%) increases significantly by reducing the size of Cu particles. Obviously, there should be a certain effect of Hall-Petch relationship for the increase of hardness with particle size reduction. In our case, we did not find it significantly with pure Cu materials. However, reduction of particle size influenced a lot with nanotube incorporation. Distribution of CNTs in the matrix materials with reduced particle size of metals increases, which in turn plays a role to increase the hardness of the composites. Moreover, the dendritic structure of metal particles enhancing the CNT distribution in the matrix is also expected to improve the strength of the composite materials. composites is increased up to 42% by using 3 µm Cu metal particles. However, the best hardness value (83.5 HB) was achieved in the composite fabricated with 3 µm, dendritic Cu particles and 0.1 wt% MWNT (Fig. 5) . Therefore, hardness of Cu-CNT (0.1 wt%) composites can be improved up to 47% by using 3 µm Cu particles in the composites.
Further increasing CNT contents rather decreases the hardness of the composite. Electrical Conductivity Improvement of electrical conductivity of a highly conductive metal is still a big question of science. A composite based on aligned, ballistic conducting carbon nanotubes embedded in a metal matrix might work as an ultra-low-resistive material [28] . Moreover, in a sintering body of powder metallurgy, it is difficult to achieve 100% density of the theoretical density. There will be a certain amount of porosity inside the composite. These porosities are in fact the insulation sites which reduce the conductivity of the composites. Fig. 6 shows the electrical conductivity of the pure copper composite as 58 MS/m, which is a little bit lower compared to reference conductivity (59.59 MS/m). Increasing CNT contents in the Cu composites decreases the electrical conductivity. Conductivity of Bronze composites using both MWNTs and SWNTs were investigated.
The conduction occurs essentially through the outermost nanotubes. In case of MWNTs, the interactions with the internal coaxial nanotubes may lead to variations in the electronic properties. However, metallic SWNTs can sustain huge current densities (max. 10 9 A/cm 2 ) without being damaged, i.e. about three orders of magnitude higher than copper [29] . Figure 7 shows that the electrical conductivity of CNT-Bronze composites is increased up to 10% by adding 0.1 wt % MWNTs and up to 20% by adding same amount of SWNTs. Higher CNT contents do not increase electrical conductivity more, rather decrease. 
Conclusion
Carbon nanotube based copper and bronze composites were successfully fabricated by well-established hot-press sintering method of powder metallurgy. The hardness and electrical properties of the composites were evaluated and found up to 47% improved hardness of Cu by adding 0.1 wt% of MWNT in the composites, up to 20% improved electrical conductivity of Bronze by adding 0.1 wt% of SWNT in the composites. Thus, nanotubes can improve the hardness of highly conductive-low strength copper metals, whereas electrical conductivity of low conductive-highly strength copper alloys can be improved by using nanotubes as reinforcements in composite materials. 
